Neurofibromatosis type 2 (NF2) is the most commonly mutated gene in benign tumors of the human nervous system such as schwannomas and meningiomas. The NF2 gene encodes a protein called schwannomin or merlin, which is involved in regulating cell growth and proliferation through protein-protein interactions with various cellular proteins. In order to better understand the mechanism by which merlin exerts its function, yeast two-hybrid screening was performed and Ral guanine nucleotide dissociation stimulator (RalGDS), a downstream molecule of Ras, was identified as a merlin-binding protein. The direct interaction between merlin and RalGDS was confirmed both in vitro and in the NIH3T3 cells. The domain analyses revealed that the broad Cterminal region of merlin (aa 141-595) is necessary for the interaction with the C-terminal Ras-binding domain (RBD) of RalGDS. Functional studies showed that merlin inhibits the RalGDS-induced RalA activation, the colony formation and the cell migration in mammalian cells. These results suggest that merlin can function as a tumor suppressor by inhibiting the RalGDS-mediated oncogenic signals.
Introduction
Neurofibromatosis type 2 (NF2) is a dominantly inherited disorder that predisposes patients to the development of multiple benign tumors of the human nervous system such as schwannomas and meningiomas (Thomas et al., 1994; Louis et al., 1995) . The NF2 gene product is referred to as either merlin or schwannomin, and has a sequence homology to the members of the 4.1 family proteins such as ezrin, radixin and moesin (ERM proteins), which link the cytoskeleton to the plasma membrane (Rouleau et al., 1993; Trofatter et al., 1993) . The ERM proteins have been implicated in the cellular remodeling and the formation of membrane microvilli and ruffles (Tsukita et al., 1997) . Based on the sequence homology with the ERM proteins, merlin is also believed to function as a protein linking the cellular membrane and cytoskeleton. However, merlin has distinct properties and functions in the regulation of cell growth and proliferation that are not ascribed to ERM proteins (Shermn et al., 1997; Ikeda et al., 1999; Morrison et al., 2001) .
In efforts to determine the cellular function of merlin, several groups have identified potential merlininteracting proteins such as schwannomin interacting protein 1 (SCHIP-1), Na þ -H þ exchanger regulatory factor (NHERF), bII-spectrine (also known as fodrin), CD44, synthenin, paxillin, hepatocyte growth factorregulated tyrosine kinase substrate (HRS) (also known as HGS), merlin-associated protein (MAP) and transactivation-responsive RNA-binding protein (TRBP) (Sainio et al., 1997; Murthy et al., 1998; Scoles et al., 1998; Goutebroze et al., 2000; Scoles et al., 2000; Jannatipur et al., 2001; Fernandez-Valle et al., 2002; Lee IK et al., 2004; . These proteins are mostly associated with and involved in the function of the cellular membrane. Therefore, merlin might exert its tumor suppressor effects presumably by modulating the membrane receptor-cytoskeletal linkage that is essential for cell growth and the adhesion pathways via the interaction with these proteins (Koga et al., 1998; Jannatipur et al., 2001) . However, the action mechanism of merlin as a tumor suppressor is still not fully understood just with the current reports.
In order to identify the novel proteins important in the function of merlin, yeast two-hybrid screening was performed with human brain cDNA library and merlin protein as bait. One of the positive clones encoded RalGDS, which functions as a Ras effector and a GDP/GTP exchange factor (GEF) for the Ral protein (Rusanescu et al., 2001) .
The activation of RalGDS and its target, Ral, constitutes a distinct downstream signaling pathway of the oncogenic Ras-induced cell transformation (McCormick and Wittinghofer, 1996; Joneson and Bar-Sagi, 1997; Vojtk and Der, 1998) . In addition, similar to the active form of Ha-Ras, the constitutive active RalGDS mutant synergizes with Raf-1 to induce a transformation of NIH3T3 cells, which is inhibited by the dominantnegative mutant of RalA White et al., 1996) . Interestingly, many research groups have reported that the merlin tumor suppressor inhibits the Ras signaling pathways and the Ras-induced cell transformation (Tikoo et al., 1994; . Therefore, the interaction between RalGDS and merlin might negatively regulate the Ras-RalGDS-Ral signaling pathways and provide one of mechanisms of merlin as a tumor suppressor.
This report demonstrates the direct interaction of RalGDS and merlin both in vitro and in vivo, and presents evidence for the functional importance of their interaction.
Results

Identification of RalGDS as a merlin-binding protein
In order to identify the binding partner of merlin, the full length of merlin was used as bait for the yeast twohybrid screening with a human brain cDNA library. Among 2 Â 10 6 transformants, 25 strong positives were isolated and tested by a re-transformation. The partial nucleotide sequencing of the cDNA fragments revealed that four clones encoded the C-terminal portion of RalGDS. The full-length open reading frame of RalGDS was obtained using the 5 0 -RACE screening of the human placenta cDNA.
In order to map the RalGDS-interaction domain of merlin, the GAL4-DBD fused full-length and deletion derivatives of merlin were tested for the binding with the GAL4-AD fused full-length or the partial RalGDS (RalGDS-P) protein in the yeast two-hybrid system ( Figure 1a) . The yeast growth test showed that both the full-length and RalGDS-P actively interacted with the M1, M3 and M4 deletion mutants of merlin, but not with the M2 mutant that does not contain a Blue Box (BB) (Johnson et al., 2002; Sun et al., 2002) . The b-galactosidase assays showed a consistent result but also revealed that RalGDS interacted only weakly with the M3 and M4 merlin mutants (Figure 1b) . Overall, these results suggest that the broad C-terminal region (amino acids (aa) 141-595) of merlin is necessary for the full interaction with the C-terminal region of RalGDS, containing a RBD.
Merlin is associated with RalGDS in vitro and in mammalian cells
In order to confirm the direct interaction between RalGDS and merlin, the GST pull-down assays were performed using the GST-RalGDS fusion protein and the 35 S-labeled wild-type or mutant merlin proteins produced by in vitro translation. The result showed that the full-length merlin and only the M1 mutant among its four deletion mutants bound specifically to GSTRalGDS immobilized on the glutathione-Sepharose 4B beads (Figure 2 ). These results suggest that merlin interacts with RalGDS in vitro and confirmed that the 141-595 amino-acid region of merlin is necessary for this interaction. We speculate that the interaction between the M3 or M4 merlin mutant and RalGDS was too weak to be detected in the in vitro binding assay and the b-galactosidase assay in yeast.
In order to further demonstrate the interaction between RalGDS and merlin in animal cells, NIH3T3 cells were co-transfected with the plasmids expressing Flag-tagged RalGDS and merlin. The cell lysates were subjected to immunoprecipitation with anti-Flag antibody. Subsequent Western blotting with the anti-merlin antibody revealed that merlin interacted with RalGDS in NIH3T3 cells (Figure 3a) . Then, we examined whether endogenous merlin and RalGDS interact in intact cells. When assessed by co-immunoprecipitation in NIH3T3 cells, endogenous merlin was observed only in the RalGDS immune complex but not in the control GFP immune complex (Figure 3b ). Overall, these results indicate that RalGDS interacts with merlin in intact cells at the endogenous level.
RalGDS co-localizes with merlin in vivo
Merlin is known to present primarily in the cytoplasmic membrane (Chishti et al., 1998) and is also found around the membrane-ruffling region and in granules/ vesicles at the perinuclear region (Schmucker et al., 1999) . In order to determine if RalGDS co-localizes with merlin, they were co-expressed in NIH3T3 cells and immunostained with the specific antibodies. The fluorescence images were analysed by confocal microscopy. When expressed separately, merlin was mainly detected at the cytoplasmic membrane and the perinuclear region ( Figure 4a ) as expected, while RalGDS was distributed throughout the cytoplasm (Figure 4d ). When they were co-expressed, the perinuclear merlin was decreased and RalGDS appeared to be enriched at the cytoplasmic membrane, where they were mainly co-localized ( Figure  4e-g ). The co-localization of merlin and RalGDS was also observed at the endogenous level in NIH3T3 cells without the overexpression of these proteins (Figure 4n p). To correlate the result with that of the domain analysis, we perform the experiment with the M1 and M2 merlin mutants. The M1 merlin mutant showed a cellular localization pattern similar to the wild-type merlin, but was enriched at the perinuclear region ( Figure 4b ). However, the M2 merlin mutant was mainly detected at the nucleus with some cytoplasmic localization, which was not normally observed with the 
Merlin inhibits the RalGDS activity
RalGDS is one of the Ras effectors and stimulates the GDP/GTP exchange of Ral, which is a member of the Ras superfamily of GTPases that cycles between the active GTP-bound and inactive GDP-bound states . Indeed, RalGDS promotes the release of GDP from Ral and GTP binding in its place, which activates Ral. The active GTP-bound Ral can specifically interact with a distinct set of downstream target proteins such as RalBP1 (or RLIP) and POB1 (Cantor et al., 1995; Yamaguchi et al., 1997; Ikeda et al., 1998) . In order to investigate the functional significance of their interaction, the effect of merlin on the RalGDSmediated activation of RalA was assessed via the binding activity of RalA to the Ral-binding domain of RalBP1. RalGDS and RalA were transiently expressed in Nf2-deficient or wild-type mouse embryo fibroblasts (MEFs) in combination with the full-length or deletion mutants of merlin, and the RalGDS activity was measured indirectly by the level of the GTP-bound active RalA protein in the pull-down complex of RalBP1.
As shown in Figure 5a , RalGDS induced the association between RalBP1 and RalA both in the Nf2 À/À and Nf2 þ / þ MEFs, but with the level of active RalA somewhat higher in Nf2
MEFs. Co-expression of the full length or M1 mutant of merlin, but not of the M2 mutant, in Nf2 À/À MEFs inhibited their interaction, which indicates that exogenous merlin reduces RalGDS-mediated activation of RalA. The levels of the overexpressed proteins and b-actin in the transfected cells were monitored by Western blotting (Figure 5a , four bottom panels). These results suggest that the interaction between merlin and RalGDS leads to the inhibition of RalA activation. The effect of merlin on the RalGDS-mediated activation of RalA was also observed in NIH3T3 cells (data not shown).
The effect of merlin on the RalGDS activity was also analysed by measuring the ratio of GTP over the total guanine nucleotides bound to RalA. COS7 cells were transfected with the expression plasmids as above, and labeled with [ 32 P]orthophosphate. After immunoprecipitation with the anti-RalA antibody, the radiolabeled GTP and GDP were separated by TLC and quantified using a PhosphoImager. When co-expressed with RalA, RalGDS induced significantly the RalA-bound GTP content in COS7 cells (Figure 5b) . However, the additional expression of merlin inhibited this RalGDS activity. The EGF treatment was used as a positive control for RalA activation. These results strongly suggest that merlin can directly inhibit the ability of RalGDS to activate RalA.
Merlin inhibits the colony formation of NIH3T3 cells by RalGDS and RalA
Similar to the active Ras(12V, 37G), RalGDS induces the formation of foci and growth of morphologically transformed NIH3T3 cells in the presence of active Raf (McCormick and Wittinghofer, 1996) . Moreover, Ral protein is involved in the Ras-dependent transformation of NIH3T3 cells (Vojtk and Der, 1998; Wolthuis et al., 1998; Joffe and Adam, 2001) . Accordingly, the effect of merlin on the cellular functions of RalGDS was investigated by a colony formation assay. NIH3T3 cells were co-transfected with the expression vectors for RalGDS and RalA in the presence or absence of merlin and its deletion mutants (M1 and M2 mutants). The pcDNA3.1 plasmid was used as the negative control. The cells were selected with G418 for 2 weeks and the number of colonies formed on the plates was counted. As shown in Figure 6b , the number of G418-resistant colonies in the presence of RalGDS and RalA was about three times higher than the control. However, the number of colonies was significantly lower when either the wild-type merlin or M1 mutant was co-expressed with them. The M2 deletion mutant of merlin showed no effect on the colony formation by RalGDS and RalA. The expression of RalA or RalGDS alone was not efficient in inducing a colony transformation of P]orthophosphate for 4 h. After the immunoprecipitation of RalA, the bound guanidine nucleotides were eluted and separated on TLC. The intensity of the GDP and GTP spots was quantified and the GTP/(GTP þ GDP) ratio was calculated. The experiments were performed three times in duplicate and the results were averaged. The standard errors are shown on the top of each bar NIH3T3 cells (data not shown) as reported (White et al., 1996) . The representative plate images are shown in Figure 6a . These results suggest that merlin suppresses the RalGDS and RalA-mediated cell growth.
Merlin inhibits the RalGDS-induced cell migration
The activation of the Ras-Ral pathway by the active form of Ras, RalGDS or Ral is shown to increase the motility of myoblast (Suzuki et al., 2000) . Therefore, we investigated whether the activation of RalGDS stimulates the migration of NIH3T3 cells and merlin inhibits the stimulatory effect of RalGDS. The NIH3T3 cell lines expressing the control plasmid or RalGDS were constructed for this experiment. A wound-healing assay was performed as described in Materials and methods in the presence of EGF to induce cell migration (Melchiori et al., 1990; Gildea et al., 2002; Takaya et al., 2004) . Mitomycin C was treated to the cells in order to avoid the confounding effect of cell proliferation. The control and RalGDS stable cells were infected with the adenovirus expressing GFP (Ad-GFP) or merlin (Ad-NF2) with the EGF treatment. As shown in Figure 7a , the RalGDS stable cells migrated to the wound front approximately three times faster than the control cells. However, this migration was reduced approximately by the half when the cells were infected with Ad-NF2. An infection of Ad-GFP showed no effect on the wound healing of both the control and RalGDS stable cells (data not shown). The effect of merlin and RalGDS on the motility of NIH3T3 cells was also examined in a modified Boyden chamber assay (see Materials and methods for details). The control and RalGDS stable cells were infected with an adenovirus expressing either GFP (Ad-GFP) or merlin (Ad-NF2) with or without the EGF treatment. When infected with the Ad-GFP, the RalGDS stable cells migrated faster than the control cells both in the presence or absence of EGF (Figure 7b ). In contrast, the RalGDS stable cells showed a reduced motility by a Ad-NF2 infection regardless of the EGF treatment, the level of which was even lower than that of the Ad-GFP-infected cells. Overall, these results suggest that RalGDS enhances the motility of NIH3T3 cells and merlin can abolish the RalGDSinduced cell migration.
Discussion
In this study, we identified RalGDS as a merlin-binding protein by yeast two-hybrid screening (Figure 1) . The in vitro and in vivo binding experiments showed that RalGDS and merlin interact directly, even at the endogenous level (Figures 2-4) , suggesting the biological relevance of their interaction under physiological conditions.
RalGDS is known as one of Ras effector proteins and functions as a guanine-nucleotide exchange factor for Ral protein, stimulating the dissociation of GDP from and the binding of GTP to Ral. We showed that merlin inhibits the ability of RalGDS activating RalA, which suggests that merlin might negatively regulate the RalGDS-mediated signaling pathways ( Figure 5) .
The biological significance of their interaction was also shown in the colony formation assay in NIH3T3 cells. It was reported that the RalGDS-Ral signaling pathway is involved in the Ras-dependent outgrowth of NIH3T3 cells (White et al., 1996) . In this study, the overexpression of merlin inhibited the RalGDS and RalA-induced colony formation of NIH3T3 cells (Figure 6 ). This suggests that merlin can suppress the RalGDS and RalA-mediated cell growth, which is in agreement with the previous reports (Shermn et al., 1997; Ikeda et al., 1999; Morrison et al., 2001) . In addition to suppressing cell growth, the overexpression of merlin was reported to reverse the HA-ras-induced malignant phenotypes of NIH3T3 cells and restore the contact inhibition of the cell (Tikoo et al., 1994) . Many studies have shown that merlin inhibits the diverse Ras-mediated signaling pathways Lim et al., 2003; Hirokawa et al., 2004) , but no direct target of merlin has been identified. We suggest here that inhibition of RalGDS activity via direct interaction can be one of the mechanisms by which merlin suppresses the Ras-signaling pathways.
Ral is known to regulate myoblast cell migration and the initiation of border cell migration during Drosophila oogenesis (Lee et al., 1996; Suzuki et al., 2000) . In contrast, the effect of RalGDS on the cell migration has not been reported. We showed here that the overexpression of RalGDS enhanced the motility of NIH3T3 cells and co-expression of merlin inhibited the RalGDS-induced cell migration (Figure 7) . The migration ability of cells is thought to be associated with the metastatic potential of tumors (Arvelo and Poupon, 2001) . The inhibition of the RalGDS signaling pathways by a dominant-negative Ral protein blocks Ras-mediated metastatic growth of cells Lu et al., 2000) . In addition, the germ line heterozygous NF2 mutant mice develops a variety of aggressive malignancies noticeably with the metastatic property (McClatchey et al., 1998) . Therefore, the inhibition of Ral activity by merlin via the interaction with RalGDS might contribute to the antimetastatic activity of merlin.
Currently, the mechanism for how merlin inhibits the RalGDS activity is unclear. Merlin has no known enzymatic activities and is believed to modulate various protein-protein interactions depending on its folding state (Scoles et al., 2002) . Therefore, it is most plausible that merlin inhibits RalGDS activity by interfering directly with the interaction of RalGDS with other signaling proteins. The domain analysis showed that merlin interacts with the C-terminal RBD of RalGDS (Figures 1 and 2 ). This suggests that merlin might interfere with the interaction between Ras and RalGDS. However, there might be additional regulation mechanisms, because merlin inhibited the activity of the overexpressed RalGDS without stimulating signals from Ras (Figures 5-7) . In merlin, the region containing the 'Blue Box' (BB) sequence of FERM domain (aa 131-201) is involved in the interaction with RalGDS (Figures 1  and 2) . Despite merlin sharing a high sequence homology with the ERM proteins in the FERM domain, this seven-residue BB (aa 177-183, YQMT-PEM) was not conserved in the ERM proteins (Sun et al., 2002) . Therefore, this BB sequence might be responsible for the unique function of merlin as tumor suppressor and its interaction with a distinct set of proteins including RalGDS. Interestingly, we observed that the M2 merlin mutant that lacks the BB-containing region was localized mainly in the nucleus where the wild-type melin is not normally detected (Figure 4 ). This suggests that the BB could be involved in the nuclear/ cytoplasmic shuttling of merlin as previously suggested (Johnson et al., 2002; Kressel and Schmucker, 2002) .
In conclusion, this report demonstrates that RalGDS is a novel binding partner of merlin, and suggests that their interaction might provide one of the important pathways regulating the oncogenic transformation and the migration of cells. However, the detailed mechanism underlying their interaction requires further investigations to be elucidated. ) expressing pcDNA3.1 (control) or RalGDS were infected with 100 moi each of Ad-GFP or Ad-NF2 and treated with EGF and wounded with a pipette tip. The healing of the wound fronts was examined after 48 h using phase contrast microscopy. A representative image of three independent experiments is shown. (b) The control and the RalGDS stable NIH3T3 cells (3 Â 10 5 ) were plated on the chamber slides and infected with 100 moi each of Ad-GFP or Ad-NF2 as indicated. The cells in the upper chamber were cultured in serum-free DMEM, and the lower chamber was filled with DMEM containing 10% FBS. After 6 h, the cells were lysed and stained with a CyQuant GR dye. The migration of cells was quantified by the fluorescence intensities. The experiments were performed three times in duplicate and the results were averaged. The standard errors are shown on the top of each bar
Materials and methods
Plasmids
The yeast plasmids for the wild-type (WT) merlin and its deletion mutants (M1-M4) were generated by cloning the PCR fragments into pGBT9, a GAL4 DNA-binding domain vector (Clontech, Palo Alto, CA, USA). The BamHI restriction sites were used for both the 5 0 -and 3 0 -ends. The plasmids encoding the C-terminal or the full length of human RalGDS were also generated by PCR cloning into pACT2, a GAL4 activation domain vector (Clontech, Palo Alto, CA, USA), using EcoRI (5 0 primers) and XhoI (3 0 primers) restriction sites. The mammalian expression plasmids for the WT merlin and its deletion mutants (M1-M4) were described previously . The mammalian expression plasmid for the wildtype RalGDS (pcDNA-Flag-RalGDS) was constructed by inserting the PCR fragment into the EcoRI-HindIII sites of pcDNA3.1-Flag (Invitrogen, San Diego, CA, USA). A Flag epitope was tagged at the N-terminal end of RalGDS. The GST-fusion construct of the wild-type RalGDS (pGEX-KGRalGDS) was also generated by PCR and subcloned into pGEX-KG (Pharmacia, Piscataway, NJ, USA) using EcoRIHindIII sites. The mammalian expression plasmid of RalA (pcDNA3-HA-RalA) was a kind gift from Dr Takashi Iwamoto.
Yeast two-hybrid screening
A cDNA encoding the full-length human merlin was used as bait in the yeast two-hybrid screens of a human brain cDNA library in pACT2 (Clontech, Palo Alto, CA, USA). The bait and the library DNAs were co-transformed to yeast using the lithium acetate method as described previously (Gietz et al., 1992) . The transformants were selected for growth on the Leu À , Trp À , His À and Ade À solid media containing 25 mM 3-aminotriazole (3-AT). The b-galactosidase production was assayed by incubating freeze-fractured colonies on nitrocellulose in a Z-buffer (60 mM Na 2 HPO 4 , 40 mM NaH 2 PO 4 , 10 mM KCl, 1 mM MgSO 4 , 0.03 mM b-mercaptoethanol and 2.5 mM Xgal) at 301C.
cDNA cloning
The full-length cDNA encoding RalGDS was cloned using the Marathon cDNA Amplification system (Clontech, Palo Alto, CA, USA). Briefly, 5 0 -RACE was performed using the human placenta cDNA template. The PCR condition was as follows: 941C for 1 min; five cycles of 941C for 30 s, 721C for 3 min; five cycles of 941C for 30 s, 701C for 30 s, 721C for 3 min; and 25 cycles of 941C for 30 s, 681C for 30 s, 721C for 3 min. From the experiment, a B2.7 kb cDNA was obtained and cloned in the TOPO TA Cloning vector (Invitrogen Corp, Carlsbad, NM, USA) and the sequence was verified.
Construction of stable cell lines
NIH3T3 cells were obtained from the American Type Culture Collection (Manassas, VA, USA) and maintained in DMEM supplemented with 10% FBS and antibiotics. In order to construct a stable cell line, NIH3T3 cells were transfected with pcDNA-Flag-RalGDS or pcDNA3.1 plasmid as a control. After 48 h, the cells were split at a 10 : 1 ratio and cultured in the medium containing 400 mg/ml G418 for 3 weeks. The individual G418-resistant colonies were isolated and the overexpressed RalGDS was confirmed by Western blotting.
Transient transfection
NIH3T3 (3 Â 10 5 cells) were plated on a 35 mm plate and transfected with the plasmids using Gene Porter2 reagent according to the manufacturer's instruction (Gene Therapy System Inc.). The total amount of the transfected DNA was normalized using the pcDNA3.1 plasmid as a carrier.
GST pull-down assay
The GST fusion protein encompassing the full-length RalGDS was expressed in Escherichia coli and purified as described previously (Hofer et al., 1994) . In vitro translation was performed to obtain wild-type merlin and its deletion mutants labeled with [
35 S]methionine using the TNT T7 Coupled Reticulocyte Lysate System (Promega, Madison, WI, USA). For the pull-down assay, 2 mg of GST-RalGDS was immobilized on the glutathione-Sepharose 4B beads and incubated with the 35 S-labeled merlin proteins in RIPA-B buffer (0.5% Nonidet P-40, 20 mM Tris (pH 8.0), 50 mM NaCl, 50 mM NaF, 100 mM Na 3 VO 4 , 1 mM DTT and 50 mg/ml PMSF) for 2 h at 41C. After washing with the RIPA-B buffer, the samples were analysed by SDS-PAGE and a PhosphorImager.
Immunoprecipitation
The anti-merlin, anti-RalGDS (Santa Cruz Biotechnology, Inc.) and anti-Flag (Sigma, Inc.) antibodies were obtained from commercial sources. For immunoprecipitation, NIH3T3 cells (3 Â 10 5 cells) in 35-mm plate were transfected with 1.0 mg each of the expression plasmids as indicated in Figure 3a . After 24 h, the cells were lysed in the RIPA-B buffer for 20 min on ice. The insoluble material was removed by centrifugation at 12 000 rpm for 20 min at 41C. The supernatant was incubated with the anti-Flag antibodies for 5 h at 41C, and then incubated for 2 h with the pre-cleared protein A agarose bead (Sigma, Inc). Subsequently, the beads were washed three times in RIPA buffer and re-suspended in 50 ml of 1 Â SDS sample buffer. The samples were analysed by Western blotting using the anti-merlin antibody.
Immunocytochemistry
NIH3T3 cells (7 Â 10 4 ) in a chamber slide (NUNC, four well) were transfected with 1.0 mg each of the expression plasmids as indicated in Figure 4 . After 24 h, the cells were rinsed with 1 Â PBS and fixed with 4% paraformaldehyde for 20 min. Then, the cells were permeabilized in PBS containing 0.5% Triton X-100 for 15 min and the slides were blocked with 0.2% BSA in PBS for 30 min. The chamber slides were incubated with antimerlin (1 : 500) and anti-RalGDS (1 : 100) antibodies overnight at 41C, and rinsed with PBS five times. The FITC-conjugated anti-rabbit and the rhodamine-conjugated anti-goat secondary antibodies (Santa Cruz Biotechnology, Inc.) were used for anti-merlin and anti-RalGDS antibodies, respectively. The chamber slides were mounted on glass slides and the images were acquired using confocal laser-scanning microscopy.
Ral activity assay in mammalian cells
Nf2
À/À and Nf2 þ / þ MEFs (2 Â 10 5 cells) in the 35-mm plate were transfected with 1.0 mg each of the expression plasmids as indicated in Figure 5a . After 24 h, the cells were lysed with lysis buffer (1% Triton, 20 mM Tris-HCl (pH 7.5), 10 mM MgCl 2 , 150 mM NaCl, 1 mM PMSF, 1 mM Na 3 VO 4 , 50 mM NaF, 10 mg/ml leupeptin and 10 mg/ml aprotinin) for 20 min on ice. The cell lysates were incubated with 2 mg of GST-fused RBD of RalBP1 (GST-RalBP1, Upstate Biotechnology, Inc.) for 1 h at 41C. Then, the beads were precipitated by centrifugation, extensively washed and analysed by Western blotting using the anti-RalA antibody (Upstate Biotechnology, Inc.). The principle for assessing the RalA activation is described in the Results section.
GDP/GTP exchange assay of RalGDS in mammalian cells COS7 cells (3 Â 10 5 cells) in 35-mm plate were transfected with 1.0 mg each of the expression plasmids as indicated in Figure 5b . After 24 h, the cells were starved in DMEM with 1.5% FBS for 16 h, washed with serum-free media and incubated in the phosphate-free media containing 0.3 mCi of [ 32 P]orthophosphate for 5 h. The cell lysates were prepared as described above. RalA protein was immunoprecipitated with the anti-RalA antibody and washed extensively with washing buffer (20 mM Tris-HCl (pH 7.5) and 10 mM MgCl 2 ). The radio-labeled GTP/GDPs were eluted with an elution buffer (0.2% SDS, 5 mM EDTA, 5 mM GDP and 5 mM GTP) and separated by thin-layer chromatography (TLC) on polyethylenimin-cellulose (Sigma, Inc.). The signals were autoradiographed, and the GTP/(GDP þ GTP) ratio was determined using the PhosphorImager and ImageQuant software.
Colony formation assay
NIH3T3 cells (3 Â 10 5 cells) on the 35-mm plate were transfected with 1.0 mg each of the expression plasmids as indicated in Figure 6 . After 48 h, the cells were split at a 2 : 1 ratio and the G418-resistant colonies were selected with 400 mg/ml G418 for 2 weeks. The cells were fixed in PBS containing 0.2% glutaraldehyde and 0.5% formaldehyde for 10 min on ice and stained with 0.2% crystal violet for 10 min at room temperature. The average number of colonies was determined from the experiments performed three times in duplicate.
Adenovirus production and infection
The adenovirus expressing merlin (Ad-NF2) was kindly provided by Dr SS Jeun (Catholic University of Korea), and the adenovirus expressing green fluorescent protein (Ad-GFP) was purchased from Neurogenex Co., Ltd (Seoul, Korea). Viruses were propagated in HEK293, a human embryonic kidney cell line. In order to purify the viruses, freezing/thawing of cells and subsequent centrifugation were peformed. The viral titer was determined by limiting-dilution bioassay in HEK293 cells as described previously (Matthews, 2002) . The infection was performed for 2 h at a concentration of 100 moi/ well (35-mm plates).
Cell migration assay
The cell migration assay was performed using two methods: the wound-healing assay and the modified Boyden chamber assay. For the wound-healing assay, the control and RalGDS stable cells were plated at a density of 2 Â 10 5 cells in a 35-mm plate and infected with 100 moi each of the adenoviruses. After 12 h, the cell monolayer was wounded with a pipette tip by approximately 1 mm in width. Then the cells was removed of debris by washing twice with PBS and cultured at 371C in DMEM containing 0.1 mg/ml mitomycin C and 20 ng/ml EGF. After 48 h, the migration of the cells at the wound front was photographed using an inverted microscope.
For the modified Boyden chamber assay (96 well, 8-mm pores, Chemicon, Inc.), the control and RalGDS stable cells were plated at a density of 3 Â 10 5 cells in a 35-mm plate and infected with 100 moi each of the adenoviruses. After 12 h, the stable cells were starved in DMEM containing 1.5% FBS for 16 h, trypsinized and re-suspended at a density of 2 Â 10 5 cells/ml in serum-free DMEM in the presence or absence of 20 ng/ml EGF. The cell suspension was plated onto the upper chamber and DMEM containing 10% FBS was placed in the lower chamber. The chamber culture was incubated for 6 h at 371C and, then, the nonmigrated cells were washed off the upper surface of the membrane. The migrated cells on the bottom side were dissociated with Cell Detachment Buffer (Chemicon, Inc.), lysed and stained for nucleic acids with CyQuant GR dye (Molecular Probes). The signal intensities were measured using a fluorescence reader (HIDEX, Inc.). The result was presented as the average values from three independent experiments performed in duplicates.
